The effect on immunogenicity of different tumor T cell epitope formulations was evaluated in vitro using nonreplicating recombinant vaccinia vector expressing two forms of the melanoma -associated MART -1 / Melan -A antigen. The first recombinant virus expressed a minigene encoding a fusion product between an endoplasmic reticulum ( ER ) -targeting signal and the HLA -A201 binding 27 -35 peptide. The second viral construct encoded the complete MART -1 / Melan -A protein. The capacity of HLA -A201 cells infected with either viral construct to generate and to stimulate MART -1 / Melan -A 27 -35 specific cytotoxic T -lymphocytes ( CTL ) , was comparatively characterized. The results obtained here with a tumor antigen confirmed the capacity of vaccinia virus -encoded ERminigene to generate a very strong antigenic signal. In cytotoxicity assays, recognition of target cells infected with high amounts of both recombinant viruses with activated specific CTL clones, resulted in similar lytic activity. With regard to calcium mobilization, TCR down -regulation, IFN -release, and T cell proliferation assays, the targeted epitope elicited 10 -to 1000 -fold stronger responses. Remarkably, the immunogenic difference between the two formulations, in their respective capacity to generate CTL from naive HLA -A2 peripheral blood mononuclear cells in vitro as measured by tetramer detection, was lower ( 2 -to 3 -fold ) . 
T he goal of antitumor specific immunotherapy is to elicit specific cytotoxic T cells (cytotoxic T-lymphocytes or CTL ) that recognize and destroy cancer cells expressing the targeted tumor antigen. Design of vaccines should fulfill requirements of tumor cells' biology and CTL activation mechanisms. 13, 14 In nonvirus-related cancers, tumor antigens are self -proteins mutated or with a different pattern of expression compared to normal differentiated tissues. Natural immune responses, against these tumor-associated antigens, are generally weak or absent. Therefore, many groups have evaluated vaccines that could efficiently break this tolerance and induce specific immune responses. Synthetic peptides of HLA -restricted epitopes, derived from tumor-associated antigens, have been used in vitro and in vivo and have indeed demonstrated their capacity to elicit specific responses. 9, 19 Modification of peptide sequences also led to the definition of more immunogenic reagents. 15, 18 Recently, HLA -A201 MART-1/Melan -A 27-35 peptide analogues or the corresponding mutated complete antigen were compared using vaccinia virus expression vectors. 23 This work showed evidence that analogues of the immunodominant epitope, encoded by minigenes or those processed from a modified complete protein, had a stronger immunogenicity than the natural epitope.
In the present work, we addressed the relative immunogenicity of two recombinant vaccinia viruses (rVV ) providing the MART-1 /Melan-A 27-35 epitope. The first viral recombinant contains a minigene encoding an endoplasmic reticulum ( ER ) -targeted peptide (rVV-minigene ) as described previously. 27 The second viral construct expresses the fullgene encoding the natural complete protein ( rVV-fullgene ). Both formulations are encoded by replication-incompetent vaccinia virus, enabling an efficient intracellular expression of the genes of interest with no cytopathic effects on the infected cells. These constructs were evaluated for their respective capacity to generate and stimulate in vitro anti-MART 27-35 CTL.
MATERIALS AND METHODS

Peptide, virus, cell lines, CTL
MART-1/ Melan -A 27 -35 (AAGIGILTV ) and control peptide GP100 280 -288 ( YLEPGVTA ) were purchased from Orpegen Therapeutika, Heidelberg, Germany. The construction of a vaccinia virus encoding the ER -targeted MART 27-35 peptide was previously described. 27 The complete open reading frame of MART-1 /Melan-A was PCR -cloned from a patient -derived primary melanoma cell line cDNA. The gene was then transferred into a vaccinia specific shuttle plasmid, derived from pKT1401, enabling insertion in the I4L locus and its expression under the control of a modified early viral promoter (courtesy of Dr. K. Tsung 21 ). Virus selection, amplification, and titration were performed on CV1 cell cultures (ATCC CCL70 ) maintained in DMEM-10% heat inactivated FCS (Gibco -BRL, Pasley, UK ). The final viral genomic sequence of the MART-1/ Melan-A insert was verified. A psoralen-UV inactivation step was performed to obtain nonreplicating working stock virus as described earlier. 21, 27 The resulting UV-inactivated vaccinia virus is able to infect and to transcribe its early promoters more efficiently than replicating virus. However, it does not affect the cell survival nor does it produce any viral progeny.
MART-1 /Melan -A 27-35 specific CTL clones were generated in our laboratory from HLA -A2 peripheral blood mononuclear cell ( PBMC ) cultures stimulated with autologous Epstein-Barr virus transformed B -lymphocytes ( EBV-BL ) infected with rVV-minigene (priming ) or pulsed with the immunodominant nonamer peptide (boosting ) . CD8 ( + ) specific clones were isolated by limiting dilution, tested for their specificity, and maintained in complete medium containing human sera ( CM -AB ) together with cytokines (RPMI 1640 supplemented with 1 mM Na -pyruvate, 2 mM L -glutamine, 10 mM Hepes buffer [ all from Life -Technology, Pasley, UK ], 20 g/mL Ciproxin [Bayer, Zurich, Switzerland] , 7.5% pooled AB human serum, 100 U /mL IL-2, and 20 U /mL IL -4 ). Cell culture expansion was performed at monthly intervals by using irradiated allogenic PBMC and PHA ( 1.5 g/mL). HLA -A2 positive MART-1 /Melan-A negative melanoma Na -8 cells ( courtesy of Dr. F. Jotereau, Nantes, France ) were used as target /stimulator cells.
Infection of Na -8 with inactivated vaccinia virus
Na -8 cell monolayers, in 6 -or 12-well plates (Becton Dickinson, Franklin Lakes, NJ ), were infected with different amounts of inactivated virus, to achieve the indicated multiplicity of infection ( MOI ) (wild type infection, as negative control, was only performed at the highest multiplicity ). This viral solution adsorption was left for 1 hour at 378C with regular gentle agitation before being replaced by normal CM -10% FCS medium. The infected cells were further incubated for 16 -20 hours at 378 then trypsineharvested, washed, counted, and used in the different tests as further described.
Cytotoxicity assay
Cytolytic activities were measured using standard 4 hours chromium release assays. CTL were resuspended in CM -20% FCS and distributed in a 96 -well plate at different densities. Infected or pulsed target cells were labeled with Na 51 Cr for 1 hour at 378, washed, counted, and finally added onto the effector CTL. After 4 hours co -incubation, supernatants were harvested and released radioactivity was measured in a gamma-counter. Data are reported here as percentage of specific lysis of target cells ( percentage lysis on rVV infected targetsÀ percentage lysis on VV-wild type infected targets) . The optimal lytic activity measurable in each condition is defined as the specific lysis observed with saturating concentration of exogenous pulsing ( 10 M for 2 hours ) with synthetic 27 -35 peptide.
CD3 -TCR down -regulation
1Â10
5 effector CTL were mixed with 2Â10 5 infected stimulators in CM -10% FCS for 4-6 hours at 378. The cells were then washed, resuspended in ice -cold PBS /0.5 M EDTA, and stained with CD3 and CD8 monoclonal labeled antibodies (Becton Dickinson, Mountain View, CA ) . Data are reported as percentage of decrease, on antigenic stimulation, of CD3 mean fluorescence intensity using control stimulated CTL as baseline of maximum expression of the CD3 molecule and CD3 negative cells as minimum expression.
Calcium flux
Effector CTL cells were preincubated with 10 M Indo -1 AM ( Sigma, Buchs, Switzerland) for 45 minutes and then washed three times in PBS and resuspended in CM without phenol red. Antigen presenting cells (APC ) were washed and resuspended in the same medium. Both cell types were then kept at 378 until use. For each condition, infected / pulsed APC were added to the CTL, centrifuged 1 minute at 1000 rpm, incubated for 1 minute at 378, then rapidly resuspended for acquisition. Using FACS technology, cells were analyzed for 5 minutes. Calcium -mobilized cells were characterized by an increased 405 nm /525 nm ratio compared to negative control stimulated cells. Results are represented as percentage of cells above the control value.
Cytokine release / T cell proliferation
After irradiation, infected stimulator cells were washed, resuspended in CM -AB, and mixed with the effector CTL in a 96-well plate (flat bottom -Becton Dickinson) at a ratio of two APC for one responding cell (100 000 CTL per condition ) . Each condition was set in triplicate and incubated at 378. After 24 hours, half of the supernatant was harvested and IFN -was measured by ELISA ( CLB, Amsterdam, Netherlands ) . After 48 hours, H3 -thymidine solution was added to the cultures for 15 hours. Cells were then collected on filters and the incorporated thymidine was measured in a liquid scintillation counter. Data, resulting from triplicate average of incorporated cpm, are displayed as ratio between each sample and the VV-wt negative control ( stimulation index ).
MART -1 / Melan -A 27 -35 CTL generation from HLA -A2 PBMC
Ficoll-purified PBMC from HLA -A2 healthy donors were seeded onto culture plates in CM-7.5% AB. Autologous overnight -infected or peptide -pulsed EBV-BL were irradiated, washed, resuspended in CM -7.5% AB and added to the PBMC. After 1 week, half of the culture medium was replaced with fresh CM -AB containing 20 U / mL IL -2 and 0.4 U / mL IL -4. On day 10, cultures were restimulated with pulsed or infected autologous irradiated EBV-BL. One week later, the population of CD8 + cells bearing the specific TCR for MART 27 -35 epitope was assessed by tetramer staining and flow cytometry detection.
RESULTS
To evaluate the specific immunogenicity of both antigenic forms expressed by recombinant vaccinia, early, intermediate, and late events of T-lymphocytes activation were measured by dedicated functional assays. These cellular responses are not only characterized by their kinetics but also by the different densities of presented antigen required to trigger these responses.
Antigen presentation kinetics in nonreplicating VV
After infection, the time required for each viral construct to reach a stable MART-1/ Melan -A 27-35 epitope surface presentation differs depending on the delay required to achieve all the necessary steps of expression, processing into peptides, TAP -dependent transport, and HLA presentation at the cell surface. The targeted epitope is designed to bypass two of these steps, namely cytosolic processing and TAP transport. Therefore, initial experiments established the respective duration of infection required for each recombinant virus to reach a stabilized level of presentation. This stable presentation being more suitable for the following quantitative comparisons.
Infected target cells recognition by specific CTL was measured at different times following infection with rVV ( 10 MOI ). Optimal recognition of target cells on infection with ER -minigene rVV (Fig 1) was obtained within a few hours following infection (4 hours ) . However, optimal SCHÜ TZ, OERTLI, MARTI, ET AL: IMMUNOGENICITY OF RECOMBINANT VACCINIA recognition of cells infected by the rVV-fullgene was found to require longer incubation times, up to 24 hours, to reach similar levels of recognition, consistent with previous reports about UV-inactivated vaccinia expression pattern. 11, 16 Based on these data, overnight infection (16 -20 hours ) was used throughout the study to allow a stabilized and effective antigen presentation following infection with either rVV.
Target cell sensitization to cytotoxic response
The cytotoxic activity of a specific CTL clone against target cells infected with different doses of either rVV was evaluated (Fig 2A ) and showed a dose -dependent specific lytic response. High-dose infections ( 5-25 MOI) , with both recombinant virus, induced cytolytic recognition reaching levels ( from 19% to 35% ) similar to the one observed (33% ) with 10 M exogenous peptide pulsing that is defined to be the optimal recognition reachable in the test. However, with a single UV-inactivated viral unit per cell ( 1 MOI) of rVV-fullgene, no specific killing could be observed ( Fig 2B ) . Remarkably, with the same limited infection conditions, the rVV-minigene still induced a significant lysis, reaching optimal value ( 35% ) at an ET ratio of 8. Thus, regarding cytotoxic sensitization of target cells, high doses of the fullgene MART-1/ Melan -A viral construct ( at least 10 MOI) were required to reach the antigenic threshold resulting in cytolytic response. However, even at low doses, the targeted epitope -expressing virus was able to provide a high level of antigenic signal.
TCR down -regulation and calcium flux
The immediate impact of antigenic recognition by the T cell is proportionally reflected by early cellular events such as cytoplasmic calcium mobilization and TCR endocytosis. The data of calcium flux events ( Fig 3A ) in the CTL population are represented (detailed in Materials and Methods ) for a ratio of one CTL for two APC ( ET= 0.5) . In these conditions, even APC infected with the highest dose of rVV-fullgene induced Ca 2 + in less than 10% of the CTL population. However, rVV-minigene -infected APC ( 5-25 MOI) could generate a strong calcium flux in 35-40% of the CTL. In this test, the effect of the minigeneexpressing virus, at the infectious dose of 1 MOI, appeared to be able to generate a stronger signal than 25 MOI of rVV-fullgene.
Similarly, in TCR down -regulation assay (Fig 3B ) , conditions using fullgene viral construct infections led to a modest decrease of CD3 molecules from cell surface; 20% decrease with strongest infection (25 MOI ) of rVVfullgene. However, the minigene virus at doses varying from 1 to 25 MOI, was able to induce a significant decrease of CD3 labeling ranging between 54% and 61%. As no increase of this effect could be detected with doses above 1 MOI, one could assume that the maximum stimulation of the TCR as measured by CD3 down -regulation, was already reached at this dose of virus.
Induction of cytokine release
Besides the early cellular events described above, the induced responses of IFN -released, following fullgene or minigene viruses stimulation, were strikingly different ( Fig 3C ) . Indeed, a strong cytokine release level ( up to 43 000 pg/ mL / 1000 responders ) was reached with the different APC /rVV-mg ratio of 1 -25. Alternatively, only a very limited response ( not exceeding 10 pg /mL /1000 CTL ) was observed with the highest dose of rVV-fullgene. Thus, as evaluated by this intermediate cellular event, the rVVfullgene -driven presentation did not appear to reach the threshold of activation required to generate a significant cytokine release.
Induction of T cell proliferation
The capacity to induce proliferation of activated specific T cells in vitro is a key feature of the immunogenicity of an antigenic reagent. In this experiment, lymphocyte proliferation, as evaluated by de novo DNA synthesis, was effectively induced by the rVV-minigene ( 1-25 MOI ) between 5-and 20-fold compared to the control stimulated cells (Fig 3D ) . However, the stimulatory capacity of fullgene recombinant infected cells seems to be significantly more limited; the highest doses of virus only resulted in a 2-to 3-fold increase compared to the control.
MART 27 -35 CTL priming capacity from healthy donors' PBMC
Generation of specific CTL is the ultimate goal of antigen specific immunotherapy. It also possibly represents the best evaluation of an immunogenic compound within a specific prime -boost strategy. The capacity of both recombinant virus to elicit MART-1/ Melan -A 27-35 CTL was compared using optimal virus doses as defined above on activated CTL. As displayed in Table 1 , two different experimental settings were used. In the first test (A ) , naive HLA -A2 PBMC were primed with virus -infected autologous APC and restimulated once with synthetic peptide. In the second experiment ( B ), we measured the vaccines' stimulation effect on peptide presensitized PBMC population. Surprisingly, compared to the previous functional characterizations, the calculated ratios between rVV-minigene and rVV-fullgene immunogenicity are here limited to 2 -to 3 -fold in favor of the minigene construct. Both experimental approaches also seem to demonstrate that the stimulation effect of both reagents are relatively similar on a completely naive ( A ) or peptide -primed (B ) PBMC population.
DISCUSSION
In this study we used MART-1 /Melan-A 27 -35 specific CTL clones and resting HLA -A201 +PBMC populations to evaluate the relative immunogenicity of two vaccinia constructs expressing either the ER -targeted 27-35 peptide or the cytoplasmic complete protein. Functional assays, addressing different phases of the T cell activation, were performed with infected HLA -A2 + cells as APC. Different CTL biological responses to antigenic stimulation are characterized by different thresholds of activation 7 specific for each CTL clone but, most importantly, depending on the level of T cell receptor occupancy 22 and on the dissociation rate 8 of the MHC -peptide complex. Although no direct and formal biochemical quantification was performed in this work, our bio -functional tests seem to correlate with the fact also described by others, 1 that the ER -minigene viral constructs produce and result in the presentation of a greater amount of antigenic epitope compared to the rVV-fullgene. This property results in an enhanced capacity to rapidly (at low dose ) reach the activation thresholds of the different specific CTL functions, such as calcium mobilization, TCR down regulation, and cytokine release. Of note, no apparent saturation of the proliferative response could be seen within the conditions of the assay.
This advantage for the ER -minigene virus, compared to the rVV-fullgene, was also confirmed by the results of CTL induction but, in this case, the difference was less remarkable (2 -to 3 -fold ). This limited difference might be in line with the previous findings that vaccinia -driven over-expression of ER -targeted epitopes enhances the quantitative presentation of specific peptide 1 but does not always improve the final immunogenicity of an immunodominant epitope. 4, 6 To better understand the relative immunogenicity measured in our tests, the different factors playing a role in this complex system should also be considered. Both antigens are produced within infected cells' cytoplasm, which is optimal for the HLA class -I presentation pathway. The ERminigene design avoids the two limiting steps of cytoplasmic processing and transport. 2, 27 Whereas, the complete antigen is following the complex process of cleavage into peptides by the proteasomal complex, 12 TAP -dependent transport into the ER where the binding to the appropriate HLA molecule takes place. 10 Combining with the relative affinity to the different proteins involved in the process, the complete pathway results in nonlinear presentation between peptides of the same protein. Furthermore, the effect of UV inactivation on this viral vector should also be considered. The transcription capacities of the ER -minigene and the fullgene are equivalent and directly proportional to the viral MOI. However, psoralen-UV inactivation induces randomized DNA cross -linking. Thus, in similar conditions, the probability of inactivation events of different genes is proportional to their sizes. It is, however, difficult to really estimate the final impact in this case where the fullgene (354 bp ) is 4.5 -fold longer than the ER -minigene ( 81 bp ), but where a cross -linking event after the 35th codon might still allow the production of a polypeptide containing the 27-35 epitope. Finally, the immunogenicity of the vector proteins may also interfere. Indeed, the viral proteins and their derived epitopes can also establish some level of immunodominance within the infected cells and this competition may interfere more with the presentation of a processing and transport -dependent epitope (rVV-fullgene ) compared to an independent one ( rVV-ER -minigene ) . 4, 26 The use of peptide/ minigenes derived from tumorassociated antigen sequences, although efficient in eliciting specific response, sets a limited frame for clinical application. HLA -based selection of patients and phenomenon of tumor escapes from specific (but also more limited) immune response, should be considered as drawback from immunotherapy mediated by a single antigen or restriction element. Many efforts are made to use multiepitopes or complete tumor-associated antigens as immunogenic material and have demonstrated various success in vivo. 5, 20 Indeed, the few HLA -characterized peptides derived from tumor antigens might not represent the entire class -I and class -II presented epitopes profile. This potent diversity is underlined by the demonstrated capacity of the same antigen to generate differently restricted CTL 3, 24, 25 and by the observed capacity of patients with similar HLA haplotype, to respond differently to the same antigen. 17 Therefore, to design immunogenic reagents, one should carefully evaluate the characteristics and potentials of each antigen to define formulations with more efficient antitumor activity.
Within this frame, our work with psoralen UV-treated vaccinia vector with MART-1/ Melan -A immunogenicity in HLA -A201 context, clearly confirmed the notion that targeted minigenes encoding for immunogenic epitopes represent one of the most effective formulation to generate epitope specific immune responses. In addition, generation of specific CTL found in our current clinical study (manuscript in preparation ), seems to support the effectiveness of such rVV-ER -minigene vaccines in vivo.
